Introduction
A great number of mushroom poisoning cases occur throughout the world each year. Among many kinds of toxic mushrooms, the genera Amanita, Galerina, and Lepiota, containing amanitins, are responsible for the most severe cases of poisoning by ingestion of their fruiting bodies; for example, one body of Amanita virosa can kill two or three adults [1] . Amanita genus mushrooms contain toxins such as α-amanitin, β-amanitin, γ-amanitin, and phalloidin. Amanitins are bicyclic octapeptides, and phalloidin is a bicyclic heptapeptide as shown in Fig. 1 . Although intestinal absorption of amanitins is very fast in humans, clinical symptoms such as cholera-like diarrhea generally occur 10-12 h after mushroom ingestion. The clinical and biochemical signs of liver damage occur 2-3 days after exposure. The mechanism of the latent periods is controversial and awaits further investigation. Amanitins do not cause a direct cytolytic effect, but act on hepatocytes by blocking RNA polymerase subunit(s), which results in inhibition of DNA transcription and protein synthesis processes and leads to signifi cant cell damage [2] . Regarding the toxicity of phalloidin, there is a report insisting that the compound does not exert poisonous effects by its oral intake [1] . However, after parenteral administration of The analysis of amanitin(s) and/or phalloidin has been made using high-performance liquid chromatography [4−6] , capillary electrophoresis, capillary electrophoresis coupled to mass spectrometry (MS) [7, 8] , and liquid chromatography (LC) coupled to MS or to tandem MS [9−11] . Although the latter LC-MS (-MS) methods seem to give the most reliable and sensitive results, each of the three reported methods [9−11] has its drawbacks. In the earliest report by Maurer et al. [9] , they employed immunoaffi nity extraction, which required tedious preparation of antibodies against a β-amanitin-fetuin conjugate. One of the recent reports [11] dealt with analysis of only α-amanitin in serum and liver. In two of the three reports [10, 11] , external calibration methods were used for quantitation without internal standard (IS) even for the ion-trap MS instrument without quantitative ability [10] . In the present study, we combined an LC instrument to a time-of-fl ight (TOF) MS instrument with an electrospray ionization (ESI) interface in establishing a detailed procedure for simultaneous analysis of α-amantin, β-amantin, and phalloidin in mushrooms using microcystin RR as IS. Because no data are available for TOF mass spectra for the Amanita toxins, we have also recorded mass spectra in the single-stage MS and tandem MS modes.
Materials and methods

Chemicals
α-Amanitin, β-amanitin, and trifl uoroacetic acid (TFA) were purchased from Sigma-Aldrich (St. Louis, MO, USA); phalloidin and microcystin RR from Wako (Osaka, Japan). Milli Q pure water produced by Puric-ZII (Millipore, Bedford, MA, USA) was used throughout this study. Other common chemicals used were of the highest purity commercially available.
Mushrooms
Fresh Lentinula edodes (Shiitake) mushrooms were purchased from a local market for use as a blank matrix. Amanita virosa mushrooms were harvested from forests in Shizuoka and Nara Prefectures in Japan. All edible and poisonous mushrooms were stored at −80°C until used.
Extraction procedure
A 100-mg sample of the frozen mushroom was fi nely cut with a surgical scalpel and put in a 10-ml plastic tube, followed by 100 ng of microcystin RR (IS). When spiked Fig. 1 Chemical structures of α-amanitin, β-amanitin, phalloidin, and internal standard (IS) microcystin RR phalloidin, it shows signifi cant hepatotoxic effects by its binding to F-actin and by preventing the depolymerization of actin fi laments [3] . One of the earliest effects of phalloidin poisoning is cholestasis.
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tests were performed, various concentrations of α-amanitin, β-amanitin, and phalloidin were also added to the material with IS. After addition of 5 ml of acidifi ed methanol (0.1% TFA in methanol), the mixture was homogenized with a Polytron homogenizer (Kinematica, Luzern, Switzerland) and centrifuged at 3920 g for 10 min. The resulting supernatant was transferred to a glass tube and evaporated to dryness with a centrifugal freeze dryer (Yamato Scientifi c, Tokyo, Japan) for about 2 h. The residue was reconstituted in 200 μl of pure water.
An Oasis HLB 3 cc (60 mg) cartridge (Waters, Milford, MA, USA) was preconditioned with 2 ml of methanol and 2 ml of water. The reconstituted 200-μl extract solution was applied to the preconditioned cartridge. It was washed with 1 ml of 5% methanol in chloroform. The toxins and IS were eluted with 2 ml of 100% methanol. The eluate was evaporated to dryness in a centrifugal freeze dryer, and the residue was reconstituted in 30 μl of mobile-phase solution (acetonitrile/15% methanol in 10 mM ammonium acetate, 50:50 v/v).
LC-TOF MS conditions
LC-ESI-TOF MS analyses were conducted on an Agilent 1200 LC-SL system (Agilent, Santa Clara, CA, USA) connected with a QSTAR XL instrument (Applied Biosystems, Foster City, CA, USA). The instrument system enabled both LC-ESI-single stage TOF MS and LC-ESI-quadrupole-TOF tandem MS. For the LC system, a TSK-gel Amide-80 3 μm separation column (150 × 2.0 mm i.d., Tohsoh, Tokyo, Japan) was used. The Agilent 1200 LC-SL system contained binary pumps, a microdegasser, and a high-performance autosampler. The LC conditions were: injection volume, 5 μl; fl ow rate, 1 ml/min; mobile-phase solvents used, (A) acetonitrile and (B) 15% methanol in 10 mM ammonium acetate; gradient protocol, 90% A/10% B (0 min) to 75% A/25% B (1.85 min, 2.15-min hold) and 75% A/25% B (4 min) to 90% A/10% B (4.01 min, 2-min hold). All columns and autosamplers were operated at room temperature.
The TOF MS conditions were : tuning material, mixed solution of 30 mM cesium iodide and 1 mM sex pheromone inhibitor (iPD1, molecular weight 829.1) infused at 3 μl/min; ionization mode, positive ESI; system operation, V-shape mode; resolution, 10 000−12 000; scan range, m/z 100−1000; scan time, 10 μs; ionspray voltage, 5.5 kV; cone voltage, 30 eV; ion source temperature, 450°C; ion source nebulizer and auxiliary gases (zero gas), both 50 l/h; nitrogen curtain gas, 25 l/h; declustering potential, 60 eV; focusing potential 265 eV. For quadrupole-TOF MS-MS spectral measurements, the collision energy was automatically set by the software.
Results
Mass spectra of α-amanitin, β-amanitin, phalloidin, and microcystin RR obtained by TOF MS Figure 1 shows structures of α-amanitin (molecular weight, 918), β-amanitin (919), phalloidin (788), and IS microcystin RR (1038). Microcystin was chosen as the IS because it is also a cyclic heptapeptide. Figure 2 shows single-stage TOF MS spectra for the four compounds. All spectra showed base peaks of protonated molecular ions together with their isotope peaks. For IS microcystin RR, the mass number of the protonated molecular peak appeared at half the normal m/z value because the molecule was doubly charged with two arginine moieties in the structure (Fig. 1) . For α-amanitin, β-amanitin, and phalloidin, the protonated molecular peaks were accompanied by [M+H−H 2 O] + peaks; m/z 901 for α-amanitin, m/z 902 for β-amanitin, and m/z 771 for phalloidin. For microcystin RR, no such peak was observed. Figure 3 shows horizontally magnifi ed mass spectra of the protonated molecular ions of the four compounds, revealing the characteristic isotope peaks at high resolution (10 000). From the molecular formulae, the accurate mass numbers of the protonated molecular peak and its isotope peaks could be easily calculated. For example, for α-amanitin (C 39 H 54 N 10 O 14 S 1 +H), theoretical calculation gave a peak at m/z 919.3614 (100%) for the protonated molecular ion, and at m/z 920.3643 (48.9915%), 921.3646 (18.9868%), and 922.3656 (5.3480%) for its isotope peaks. The actual measured accurate mass spectral data (Fig. 3) for α-amanitin were very close to the theoretically calculated data. Such approximation was also true for β-amanitin and phalloidin. The accurate mass numbers together with their peak profi les can be used for identifi cation of each compound by TOF MS.
Tandem mass spectra were also recorded by quadrupole-TOF MS for the four standard compounds using each protonated molecular ion as precursor (data not shown). In the tandem mode, the high-resolution ability of TOF MS could not be achieved. All spectra showed smaller precursor ions and many peaks of product ions. Among the product ions, intense peaks appeared at m/z 259 for both α-amanitin and β-amanitin, at m/z 330 for phalloidin, and at m/z 135 for microcystin RR. These peaks were also present in the spectra of single-stage TOF MS, although their intensities were much lower (Fig. 2) . In contrast to our expectation, mushrooms were found to contain substantial amounts of fats, peptides, and other impurities. We therefore decided to use both solvent and solid-phase extractions. We tested distilled water, acetonitrile, acetonitrile plus formic acid, nbutanol acidifi ed with hydrochloric acid [12] , and methanol acidifi ed with TFA [13] . Methanol acidifi ed with TFA (0.1%) gave the highest recoveries for the Amanita toxins from Shiitake mushrooms. As the second step, we tested various solid-phase extraction cartridges: Sep-Pak Plus Accell QMA, Oasis MAX 3 cc (60 mg), and Oasis HLB 3 cc (60 mg) (all from Waters). The Oasis HLB 3 cc (60 mg) gave the highest recovery and low backgrounds for Amanita toxins extracted from mushrooms. Therefore, we constructed a combined extraction procedure of acidifi ed methanol (0.1% TFA) plus Oasis HLB 3 cc (60 mg) as described in the "Materials and methods" section.
For LC separation, we initially used a reversed-phase column that featured an octadecyl moiety (LC-column ODS, 150 × 1.5 mm, Chemicals Evaluation and Research Institute, Tokyo, Japan). However, separation of the three Amanita toxins was not satisfactory. We then used a new normal-phase LC column (TSK-gel Amide column) that was touted as being suitable for separation of hydrophilic peptides; we tested the standard Amanita toxins on the column and obtained satisfactory separation. Thus, we adopted the new normal-phase column.
Method reliability
Reliability of the present method was examined by spiking various amounts of the Amanita toxins to the edible Shiitake mushrooms (Lentinula edodes). Figure 4 shows mass chromatograms using each protonated molecular ion for the toxins and IS spiked into Shiitake mushrooms. The peaks of the toxins and IS were well separated and showed almost no overlap with impurity peaks; the shape of each peak was symmetrical. Table 1 shows regression equations and correlation coeffi cients for the three toxins spiked into the Shiitake mushrooms. All calibration curves exhibited good linearity in the range of 100−1000 ng/g. The detection limits (signal-to-noise ratio = 3) for α-amanitin, β-amanitin, and phalloidin were about 30, 30, and 10 ng/g, respectively. Intraday and interday accuracy and precision for the toxins spiked into Shiitake mushrooms at concentrations of 100, 500, and 1000 ng/g are shown in Table 2 . The accuracy data ranged from 87.9% to 117%; the precision data (% coeffi cients of variation) ranged from 3.58% to 15.6%. The recoveries were calculated by comparing the peak areas obtained from the extracts of the spiked Shiitake with those obtained by direct LC-TOF MS injection of nonextracted toxins dissolved in methanol. The recovery rates of the three toxins at 100, 500, and 1000 ng/g were in the range of 53.1%−69.6% (Table 2) .
Actual measurements of toxins in Amanita virosa mushrooms Figure 5 shows mass chromatograms obtained from extracts of Amanita virosa. Table 3 shows concentrations of the three toxins in caps, stems, and roots of the toxic mushrooms. Because the levels were found to be too high for measurement by the present LC-ESI-TOF MS method, the homogenates of caps, stems, and roots were diluted 1000-fold, 500-fold, and 100-fold, respectively, before addition of IS. For each toxin, the concentration was highest in the cap, followed by the stem and the root. When the toxin levels were compared according to each mushroom region, that of α-amanitin was highest, followed by β-amanitin and phalloidin in the cap. However, in the stem and root, the levels of phalloidin were highest.
It should be mentioned that among seven mushrooms, one mushroom was negative for α-amanitin and two mushrooms were negative for β-amanitin; however, all seven mushrooms were positive for phalloidin. The negative data (calculated as 0) were also included in Table 3 . Table 1 Regression equations for α-amanitin, β-amanitin, and phalloidin spiked into a Shiitake mashroom ª n = 5 
Discussion
In this study, an entire procedure for simultaneous analysis of α-amanitin, β-amanitin, and phalloidin in toxic mushrooms was established using LC-ESI-TOF MS and microcystin RR as IS. Only a few reports dealing with the MS analysis of Amanita toxin(s) are available [9−11] . To our knowledge, this is the fi rst trial to use TOF MS for analysis of Amanita toxins. The use of TOF MS in forensic toxicology for analysis of drugs and poisons is a relatively recent development [14, 15] .
TOF MS has various advantages. High-resolution analysis can be achieved by this technique. The accurate mass numbers enable the estimation of elemental composition especially for low molecular weight compounds. LC-TOF MS seems to become the most powerful tool for multichannel screening of many drugs and their metabolites using accurate mass numbers [16] . Although only a protonated molecular ion can be obtained by usual LC with single-stage MS, the isotope peaks together with each accurate mass number of a protonated molecular ion obtained by LC-TOF MS enable the fi nal identifi cation of a compound as shown in Fig. 3 .
In this study, we also recorded the tandem (product ion) mass spectra of the standard Amanita toxins and IS, because the product ion mass spectra of straight peptides measured by LC-tandem MS are frequently used for amino acid sequence analysis of peptides. However, all the present Amanita toxins and IS have cyclic structures (Fig. 1) , which have neither N-nor C-terminals. Therefore, it is diffi cult to clarify the amino acid sequences for these compounds. To overcome such diffi culty, the cleavage of the cyclic structures by a specifi c proteinase or peptidase seems necessary. The utility of the intense product ions at m/z 259 and 330 for sensitive detection of amanitins and phalloidin, respectively, awaits further investigation.
In this study, we measured Amanita toxins in Amanita virosa mushrooms by LC-ESI-TOF MS (Table 3) . For mushroom poisoning cases, the chemical identifi cation of toxin(s) in causative mushrooms is the fi rst step in forensic toxicological practice. The toxin identifi cation in stomach contents containing mushroom debris is also an important task at autopsies.
Because the concentrations of the toxins are sufficiently high in mushrooms, the measurement range in the present experiments was set at relatively high levels (100−1000 ng/g). As described in the "Materials and methods" section, the fi nal extract residue was reconstituted in 30 μl of the mobile-phase solution, and we injected only 5 μl of it. In addition, only 100 mg of sample was used at the starting point. This means that the sensitivity can be far enhanced by increasing the volumes of the specimen and the fi nal solution to be injected to an LC-MS instrument. It is likely that much lower concentrations of α-amanitin and β-amanitin in human specimens, such as urine and blood, should be able to be analyzed by the present method.
